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3
3.1
1 T 384 472 K ,
P (8.8 102 kPa, 22 ), P(kPa) T Antoine dAn(P) =A-B/(T/ K-
C) , : 1: A;=14.736;B1 =4.5317 x 10°; C; = 23. 622 2:A, =
14.755; B, = 4. 5565 x 10%; C, =22.114 Claus us Clapeyron Antoine
InP U T )
42.23  42.15 kJ/ mol
1
Table 1 Fundamenta physca properties of endothermic hydrocarbon fuds
1 2 1 2
Property Fud 1 Fud 2 Property Fudl Fud 2
d (20 ) AH (K )
é g ;{1;3) 0. 8056 0.8044 Combustion enthalpy - 47.52 - 47.53
To( K 50.0 kPa 442.30 442.34 ot 50.0 kPa 42.05 41.97
Boiling point 101.3 kPa471.52 471.62 N ﬁg;'(z%';’;n‘f;“hdpy 101.3kPa  41.76 41.70
n 20 1.4470 1.4462 -~ 50.0 kPa 95.07 94.89
Refractive Index 70 1.4274 1.4268 I "(37“(0;_ ?Tnélr)o)py 101.3kPa  88.55 88. 42
v
C% M
Content of garbon 84.78 84.81 Relative molecular mass 173.2 .1
rtert d”;gfdmgm 14.64 14.85
3.2 'H “CNMR
3.2.1 NMR 1 2 1 'H “CNMR
TH NMR 5(x10°% 0.5 1.01.0 2.02.0 3.0 6.60 8.15
4.0 6.0 , ¥%C NMR , S (x

big I

e

T S
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Fig.1 *H nudear magnetic reonance (NMR) gectrum
of endothermic hydrocarbon fud 1 2 1 “CNMR
Fig. 2 **C NMR ectrum of endothermic hydrocarbon
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CnHm; 1 NAH: mxHaro
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12n x Gy
Nac = n X Cao NLn = m X Hyi Nic=nxGii, f= % Hy
m i
¥ NMR (o1,
f =12 x C4i/ [3(CH3 + CHg) +2(CH, + CHy) + (CH+CH)] (1)
2
Table 2 Rdative contentsof hydrogen and carbon atoms on different postionsin endothermic hydrocarbon fuds
H . : . C ) ! )
Hydrogen type Cgu?mxclacl) _s?)lft Rdatl\(/?%%ontent Carbon type Caf?rr:(::[a(i) _SL])Ift Rdatl\(/?%%ontent
H NMR Fud 1 Fud 2 T NMR Fud 1 Fud 2
Hao 9.0 6.0 2.35 1.70 Cao 145 115 6.79 4.58
Hal 6.0 4.0 0.00 0.00 Cii 55.0 10.0 93.21 95.42
Hai 4.0 0.4 97.65 98.30 CHs 10.0 18.6 11.94 9.98
H 4.0 2.0 5.33 3.37 CHg 18.6 23.0 18.68 17.05
H 2.0 1.0 60.00 59.74 CH» 23.0 32.5 42.33 44.01
H 1.0 0.4 32.32 35.19 CH 32.5 34.6 5.40 6.59
CHg 34.6 42.7 11.49 14.58
CHy 42.7 55.0 3.36 3.21
n/ m 12 n/ m,
n/ m= Hgi/ [3(CHz + CHg) +2(CH, + CHz) + (CH+ CHy) ] (2)
M, 12n+m= M, n m
1 1 I 1 -
(6- 1)/6=Nan/ Nac (3)
(3 I ,

NcH, = n x (CHsz + CHg) ,Nch, = N X (CH, + CHg) ,ncu=nx (CH+ CH) , nact = Nan, Nnac = Nac -
NaH 3

3 'H “CNMR
Table 3 Average nolecular parameters caculated for endothermic hydrocarbon fuesfrom *H and C NMR

1 2 1 2
Parameter Fud 1 Fud 2 Parameter Fud 1 Fud 2
f 5.371 5.503 | 1.57 1.29
n 12.26 12.12 NeH, 3.753 3.276
m 26.14 25.66 NcH, 6.596 7.101
C/'H 5.627 5.669 NcH 1.074 1.188
NaH 0.614 0.436 NACH 0.614 0.436
Nac 0.832 0.555 NAc 0.218 0.119
NLH 25.52 25.22 ChHn Ci2.26H26.14 Ci2.12H25. 66
N c 11.42 11.56
3.2.2 :
1m 1m
CaHn () + (n+ ) 0x(@ ~nCO(@) + (F) H0()
, Co:(g)  H0(I)
:CnHm (I) [6] L]
[6] 3 [6]
-47.39 -47.29 Kl g, 42.65 42.75 kJ/ mol ,
, NMR )
3.3 GC/IMS

GC/MS 60 ( 4) , ,
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4 CCIMS

Table 4 Condtituent and relative content of compoundsin endothermic hydrocarbon fue s by gas chromatography/ mass gpectro-

metric (GC/ M9 anayss

1 Fud 1 2 Fud 2
(%) (%)
No. Compound Formula Content No. Compound Formula Content
Par&fins 73.20 Pardfins 75.89
1 2 2-Methyl-octane CoH2o 0.68 1 2 2-Methyl-octane CoH2o 0.73
2 3 3-Methyl-octane CoHzo 0.74 2 3 3-Methyl-octane CoHxo 0.76
3 Nonane CoH2o 4.48 3 Nonane CoHzo 4.67
4 > 2-Methyl-nonane CiHz  0.88 a 35 3.6Dimethyl- ¢ b 263
3.6 3,6 Dimethyl- > -3 2Methyl-3-
5 octane CroHz 2.58 5 ethyi-heptane CioHz 0.89
> -3 2Methyl-3- ) i i
6 ethyl-heptane CoHz  0.84 6 4 4 Methyl-ronane CoHz  4.49
7 4 4 Methyl-nonane CioH2 4.29 3 3-Methyl-nonane CioH2 1.95
8 3 3-Methyl-nonane CioH2 1.92 Decane CioH22 8.87
9 Decane CioH2 8.38 4 4-Methyl-decane CuHx 2.53
- - - 3,7 3, 7-Dimethyl-
10 4 4-Met hyl-decane CiiHog 2.82 10 Lansne CiHog 0.46
u 3.~ 8, 7Dimethyl- ¢ 1y 0.44 11 5 5 Methyi-decane CuHa  1.15
nonane
12 5 5-Methyl-decane CiiHog 1.09 12 2- 2- Methyl-decane CuHog 2.11
13 2- 2- Methyl-decane Ci1pg 2.00 13 3 3-Methyl-decane CuHog 0.97
14 3 3-Methyl-decane Ci1H2a 0.93 14 Undecane Ci1Hag 7.60
15 Undecane Cutau  7.01 15 3l 3, FDImeYE  cpHy, .44
16 g e;n . 3, 7-Dimethyl- o 4 0 42 16 gn . & Methyl-unde- o 0.49
17 g_éne 6-Methyl-unde CuoHos 0.44 17 5 . 5 Methyl-unde- CioHas 0.52
18 e SMethylunde ¢ b, 052 18 %;ne aMethybunde copy, 0,53
F 4-Methyl-unde- 2-Methyl-unde-
19 cane CioHog 0.52 19 cane . Ci2Hoe 0.84
20 2 ZMethyl-unde ¢ oH,  0.75 20 38 $.DImYE oy 0.66
21 38 3.&Dimethy- ¢ b 061 21 Dodecane CuHps  7.81
22 Dodecane CpoH 7.44 2 2% 2, % cuH 0.48
1226 : Dimet hyl- undecane 13128 :
2, 4& 2, & 2,9 2,9
23 Dimethyl-undecane CisHze 043 23 b methyi-undecane CuHz  0.63
2,10 2,10 3 3-Methyl-dode-
24 Dimethyl-undecane CisHz  0.55 24 e CiHs  0.61
s 3 Methy-dode ¢ p 051 25 Tridecane CisHm  5.51
cane 7 7-Methyl-tride
26 Tridecane C13 Hza 4.81 26 cane Y C14H30 2.07
7 7-Methyl-tride-
27 cane C14H30 2.00 27 Tetradecane C14H30 4.48
2,6,11- 2,6,11-
28 Tetradecane CuHzo 4.00 28 Trimethyi- dodecane CisHa 1.37
2,6,11- 2,6,11- 4,8 4, 8
29 Trimethyl-dodecane CisHz 1.20 29 Dimethyl-tridecane CisHz 0.66
4,8 4, & 2 2-Methyl-tetrade-
30 Dimethyl-tridecane CisHz  0.62 30 e CsHz  0.45
3 3-Methyl-tetrade 3 3 Methyl-tetrade-
31 cane CisHsz 0.51 31 cane CisHz 0.52
32 Pentadecane CisHaz 2.68 32 Pentadecane CisHz2 2.96
B 2 ZMethylpentade ¢ . g 61 33 Hexadecane CiHu  2.08
T S Methy-pentade ¢ p. .53 34 Heptadecane CyHs  0.57
2,6,10,14- 2,6,
35 Hexadecane Ci6Haza 2.01 35 10 ,14 Tetramethyi-pentadecane CioHao 0.51
36 Heptadecane CiHs  0.59 3 2.6,10,14 2,6, CuoHm  1.89

10,14 Tetramet hyl- hexadecane
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4 (continued Tahle 4)

1 Fud 1 2 Fud 2
(%) (%)
No. Qompound Formula___ Content No. Qompound Formula  Content
2,6,10,14 2,6,
37 10 14 Tetramethyl-pentadecane CigHao 0.55 Naphthenes 6.75
2,6,10,14- 2,6, _
38 10, 14 Tetramethyl hexadecane CxoHa 1.82 1 Propyl-cyclohexane CoHis 0.93
1 -2 1-Methyl-
Naphthenes 4.73 2 2 propyl-cydohexane CioHzo 0.96
1 Propyl-cyclohexane CoHis 0.93 3 Butyl-cyclohexane CioHzo 1.12
1 -2 1-Methyl- 1 -2 1-Methtyl-
2 2-propyl-cyclohexane CioHzo 0.98 4 2-pentyl-cyclopropane CioHzo 0.90
3 Butyl-cyclohexane CioH2o 1.07 5 Hexylcyclohexane CioH2a 0.68
4 Hexylcyclohexane CioHos 0.53 6 Heptylcyclohexane CizHas 0.78
5 Heptylcyclohexane CizHos 0.73 7 Octyl-cyclohexane CiaHzs 0.91
6 Cyclopentadecane CisHso 0.49 8 Cyclopentadecane CisH3o 0.47
Aromatics 21.43 Aromatics 16.14
1,4 1, 4Dimethyl- 1,4 1, 4 Dimethyl-
1 benzene CgHio 0.69 1 benzene CgHio 0.61
1,3 1, 3-Dimethyl- 1 -2 1- Ethyl-2>
2 benzene CaHuo 0.%2 2 met hyl- benzene Cohaz R
1 -2 1- Ethyl-2> 1 -3 1- Ethyl-3-
3 methyi-benzene CoHaz 0.77 3 methyi-benzene CoHaz 1.21
1- -3 1- Ethyl-3- 1,2, 3 1,2, 3
4 Mmethyl-benzene CoHz 1.4 4 Trimethyl-benzene CoHp  1.41
1,2, 3 1,2, 3 1,2, 4 1, 2, &
®  Trimethyi-benzene GH 175 5 Trimemthyl-benzene CoHe  2.94
1,2, 4 1,2, & 1,3, 5 1,3, 5
6 Timemt hyl- benzene Cohro 3.68 6 Trimet hyl- benzene Cohio 1.86
1- -2-(1- ) 1-
1,3, 5 1,3, 5 -
7 Timethyibenzene CoHuo 2.20 7 Zl\gg;hyl 2 ( 1-methylethyl )-ben-  CioHua 0.57
1 -4 (2 ) 1 1 -3 1-Methyl-3
8 Me hyl-4- (2-propenyl) - benzene CroHro 0.93 8 propyl- benzene CroHha 0.49
1- -2 (1 )
) & -1 4 Ethyl-1,
9 ;\gr?tehw 2'( 1: methylethyl ) ben- C10H14 0.61 9 2-dimethy|-benzene C10H14 0.76
1- -3 (1 ) 1-
1- -3 1-Methyl-3 )
10 Hropyi-benzene CioHua 1.17 10 Zl\grt?;hyl 3 ( L-methylethyl )-ben-  CioHua 0.91
-4 (1 ) I
& -1 4 Ethyl-1, (1
11 5 Gimethyl-benzene CioHua 0.81 11 anﬁghyl 4 ( 1-methylethyl )-ben-  CioHia 0.67
1- -3 (1- )
) r 23 1- Ethyl-2,
12 ;\(/Iar?ghyl 3( I-methylethyl )- ben- CioHua 0.93 12 3 §methyi- benzene CioHua 0.78
I -4(1 ) I
- ( 1- 1245 1,2,4,5Te
13 ;\gre];hw 4 ( 1: methylethyl ) ben- C10H14 0.69 13 tramethyl-benzene C10H14 0.90
1- -2.,3 1-Ethyl-2, 1,2,3,5 1,2,3,5Te
14 3 dimethyl-benzene CoHi  0.82 14§ ity benzene CoHi  1.01
1245 1,2,4,5Te 1,2,3,4 1,2,3,4Te
B tramet hyi- benzene CaoHhia 0.95 15 tramet hyl-benzene CioHus 0.59
1,235 1,2,3,5Te 2,7 2, 7-Dimethyl-
16 tramet hyl- benzene CioHu4 1.08 16 naphthaene CroH1z 0.53
1,234 1,2,3,4Te
7 tramet hyl- benzene Caothia 0.75
18 2 2-Methyl-ngphthdene CiiHio 0.48
2.6 2, 6-Dimethyl-
19 hephthaene CioHho 0.43
2,7 2, 7-Dimethyl-
20 naphthaene CioHa 0.73
(P) (A) (N)3 , G Cno :
y n- C12 , NMR y
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73.2% 75.9%, ,Co Cui 41.4% 44.5%,Cpo Cy
Cn3 22.8% 24.3%, ,
(1112 6,10 ,14 ( ) 2,6,10,14 « ),
1.8% 1.9% 21.4% 16.1%, ,
, 2 1 4
4.7% 6.7% . ( ) ,
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Nuclear Magnetic Resonance Deter mination and Gas Chromatography/
Mass Spectrometric Analysis of Endother mic Hydrocarbon Fuel's
along with Ther modynamic Property Prediction

Fang Wenjun * , Lé Qurfang, Lin Ruisen
( Department of Chemistry, Zhgiang University, Hangzhou 310027)

Abstract *H and *¥C nuclear magnetic renance (NMR) spectraof two kindsof endothermic hydrocarbon
fuels were determined. The average structural parameters were obtained by combined *H and *C NMR and
the experimenta relative molecular mass. Quantitative structure-property relations (QSPR) between NMR
information and vaporization enthalpy or entropy on the bads of group contribution method were used to
predict these thermodynamic properties of endothermic hydrocarbon fuels, which were in good agreement
with the experimentd data. The chemical congtituentsin endothermic hydrocarbon fuels were andyzed by
gas chromatography/ mass gpectrometric techniques. About 60 different hydrocarbons including parafins,
naphthenes and aromatics were detected in each endothermic hydrocarbon fuel. These resultsprovide an -
ficient structural description and afingerprint of thesefuels, which are very useful and important to the de-
velopment of endothermic hydrocarbon fuels.

Keywords Endothermic hydrocarbon fuel , nuclear magnetic resonance, gas chromatography/ mass gpec

trometry , group contribution method , thermodynamic property , quantitative structure-property relation
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